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STMMKRY

Theresultsof anexploratoryexperimental.investigationofthe
effectsofreplacingalternatewebsina multiwebbesmby open,post- “
stringerconstruction=e reported.Post-stringer(eitheruprightor
inclinedposts)constructionis showntoperformthefunctionof
comparable-weight,solid,fabricatedwebsinthestabilizationofthe
compressioncoverof a beaminbendingbothbeforeandafterbuckling.

INTRODUCTION

Thedesireto simp13.fytheconstructionofthinmultiwebw5ngshas
promptedstudiesofotherlightweightinteriorstructureswhichalleviate
fabricationdifficultieswithlittleorno increaseinweightor lossof-
strength.Thereplacementof alternatesolidwebswithmoreopenconstruc-
tion,suchaslongitudinal’stringerseitheraloneor connectedby upright
members,isonemethodof simplifyingtheconstructionof thesewings.
(Seerefs.1,2, and3.) Aninvestigationwasmadeto determinewhether
thismethodof interiorconstructioncouldbe usedto strengthenand
stabilizeadequatelythecoverskinsofmultiwebwings.

Thispaperpresentstheresultsofan exploratoryfivestigationof
thebucklingstrengthsmdafter-bucklingbehaviorof severaltwo-ceU
beamsloadedinbendingandhatig coverssupportedby variousformsof
internalconstruction.Twoofthebeanshada solidtiternalweband
fivehadopenconstruction;alsoincludedwasonebeamwithno internal
support. Eachoftheconstructionstestedisevaluatedh termsoftwo
characteristics:namely,theabilityoftheinternslconstructionto
stabi13zethecoverskinsgainstbucklingandtheabilitytoresistafter-
buckcg distortionsofthecover.Theproportionsofthebeamsprovided
a severetestofthelattercharacteristicbecauseofthelsrgepotential
marginbetweenbucklingandfailingmoments.
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DESCRIPTIONOFBEIMS

Eightbeams,fabricatedfroma sectionof drawn14S-T6aluminum-
alloyrectangular-cross-sectiontubingwithnominal.&ns ions,as,shown
infigure1,weretestedinpurebeniktng.A compressivestress-strati
curvetypicalofthetubingmaterialisgiveninfigure2.

Thefirstbesmconsistedof anunmodifiedsectionoftherectangu-
lartubingandwastestedforcomparisonwiththetestresultsforthe
remainingsevenbeamswhichhadvariousformsof internalstructurefab-
ricatedfrom75s-T6al~um woy. Theinternalstructureofthese
sevenbesmsisillustratedinfigure3. IWmsA andB, showninfig-
ures3(a)and3(b),hadsolid-websrepresentingthoseusedh conven-
tionalmultiwebbeamstructures.IkamC, showninfigure3(c), haddeep
extrudedZ-sectionlongituiUnalstringersrivetedtothecenterlineof
eachcover.In orderto determinetheeffectof connectinglongitudinal
stringersby verticalpostsatvariousspacings,beamsD, E, andF, shown
infigures3(d),3(e),and3(f),weretested.TheZ-sectionstringers
usedinthesebeamswereshallowerthanthoseinbeamC. Theangle-
sectionpostshada.longitudinalspacingcorrespondingto 2, 1,and
1/2timesthehaU widthofthebeamcover.InbeamG, figure3(g),the
postmemberswereinclinedto forma Warrentruss,whichgavea structure
capableof carryingverticalshearloads.

Theweightoftheinternalstructuresinthebeamswasapproxhately
thesamewiththeexceptionofthestructureofbesmA whichweighed
approximately25percentmore. Thesupportsin&U.besmswerepositioned
sothatthecenterlineofthetubing.wasmidwaybetweentherivetcenter
lineandtheuprightportionofthewebor stringer.Thesupportsin
beamsA, B, andC wererivetedto thecoverswithsol.id-alminumflat-
headatrcra.ftrivets,andthesupportsinbeamsD, E, F, andGwere
rivetedto thecoverswithHuckblindrivets.U rivetingof supports
to coverswaswith3/16-inch-dismeterrivetsat9/16-inchpitchandas
closeaspossibletotheweborto thewebofthestringer.Thedetail
dimensionsand~ropertiesofthebe- arelistedintableI andinfig-
ure3.

-— .—————.— _.— ——_
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!D3STPROCEDURE

Thebeamswereloadedto failureinpurebendinginthecombined
loadtestingmadxheoftheLangleystructuresresearchlaboratory.
Strainsweremeasuredat severallocationsonthebeamwithBaldwinSR-4
resistance-typewirestraingages,andcontinuousmoment-strainrecords
wereobtainedduringeachtest.Wtiestraingages(typeA-9)atthefour
outsidecornersof eachbeanwere.usedtomeasuretheextreme-fiberten-
silesndcompressivestrains.An srrayofwiregagesonthecompression
coverslongthecenterof eachbaywasusedto determinetheonsetof
coverinstabilityduetobucklingorwrinklingandalsoas an indication
ofthelocaldeformationsafterbuckling.Theaxial.strainsintheposts
andtrussdiagonalsandthelongitudinalstrainsatthecenterof each
bayonthetensioncoverwerealsorecordedto givea morecompletestrain
historyofthebeamsandtoprovideinformationonthestressesinthose
regions.Vi&al observationsofthebeamsunderloadconftid thebuck-
lingandafter-bucklingbehaviorofthebeamsindicatedbythecontinu-
ouslyrecordedmoment-straindata. u

RESULTS

Onemeasureoftheeffectivenessoftheinternalstructureina
multicellbeamis itsabilityto formlongitudinalnodesinthecompres-
sioncoverskinattheinitiationof coverbuckk.g. In addition,the
structuremustresistdeformationofthecoveralongthes~portline
intheafter-bucklingrangeof loadingifa highultimatestrengthisto
be obtained.Theabilityof anyinternalstructureto resistafter-
bucklingdeformationdepends,inpsxt,onthestresslevelatwhichbuck-
lingofthecovertakesplace.Thebeamswitha center-linesupporthad
a ratioofbaywidthto skinthiclmessbS/~ equalto 40;thu, buck-
lingofthecovermaybe anticipatedat a relativelylowcompressive
stress. Becauseofthelargepotentialmsrginbetweenthebucklingstress
andthefawn stress,thebeamsinthisinvestigationprovideda rather
severetestoftheresistanceofthesupportsto after-bucklingdeformations.

AnalysisofBucklingStresses

A theoreticalbucklingstressforthecompressivecoversofthebeams
testedcanbe determinedfromthebown stabilitycluzmcteristicsof sW-
laridealizedstructures.Chartsrelatingcover-skinstabilityandsupport
stiffnessaregiveninreference4 forcontinuous-linesupportsandin
reference5 forpost-stringerandtrusssupports.Inorderto usethese
chsrts,thereflectionalandrotationalstiffnessesofthesupportsmust
be evaluated.An experimentalmethodforevaluatingthereflectional o
stiffnessof supportsisgiveninreference5 andthismethodwasused
forthetestbeams.Valuesofthereflectionalstiffnessperunitof
supportlengtharegivenintableI forthebeams.Thedesignchartsof
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references4 and5 indicatethatthereflectionalstiffnessofthesupport
configurationsusedinbesmsA to G ismorethanadequateto forcea line
ofzerodeflection(longitudinalnode)overthesupportingstructurewhen
thecoverbuckles.

~ orderto evaluatetheeffectonthecoverbuclglingstressofthe
rotationaledgerestraintprovidedby theside+ ofthebeam,the
behaviorof idealizedrect~-cross-section tubesin%endingwasused
asa guide.Thetheoreticalbucklingstresscoefficients~ for
a rectangular-cross-sectiontubehavingflatwallsandright-anglecor-
ners(approximatedby thetubesusedinthisinvestigation)aregiven
infigure14ofreference6. Fortheproportionsofthetubestested,
lq= 5.5,whichcorrespondsto anaversgecoverstressatbucklingof

A buckling-stressvalueof

( 5.5)(3.14)2(ti .6)ho3)(OJ23)2
ME - (o.32)~(Io .056)2

thismagnitudemaybe anticipated

7.98 ksi

forthe
rectangular-tubespecimenwithoutinternalstructure.

If,as inbeamsA toG, a M.neof zerodeflectioncanbe assumed
to formalongthecenterlineofthecompressioncoverofthetubeat
buckling,a bucklingstresscoefficientcanbe determinedlyusingthe
principlesofmomentdistribution.(Seeref.7.) Thiscalculation
yields.~. 4.65 foreachbayofthecompressioncover.A buckling
stresscoefficientofthismsgnitudemaythereforebe anticipatedfor
thebesmswithinternalstructure.Thepredictedstressvaluesbasedon
theactualbeamdimensionsarelistedintableII.

DescriptionofBesmBehavior

Thebucklingstressforalltestsofthepresentinvestigationwas
takenastheelementarybeambendingstressMe/I atwhicha strain
reversaloccurred.(Seestrain-reversalmethodofref.8.) hasmuchas
thewallsofthedrawntubingcontainedinitialeccentricities,thebuck-
lingstressdeterminedby strainreversalmaybe anticipatedtobe some-
whatlowerthanthebuck&n stresspredictedfromthetheoriesforini-
tiallyflatplates.Themodulusofrupture(orfailingstress)wasdeter-
mfiedasthe Me/I stressinthecoversofthebeamwhenthebending
momentwasa maximwn.

The
shownin
fromthe

moment-strainrelationsattheotisidecornersof eachbeamare
figure4. Thecurveslabeledcompressiongivetheaveragestrain
twowiregagesattheoutsidecornersonthecompressioncover

—
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and,correspondingly,thecurveslabeledtensiongivetheaveragestrain
attheoutsidecornersonthetensioncover.Themaximummoment(shown
intableII)carriedby eachbeamisshownby theheightofthecurves,
andthemomentatbucklingis hiicatedby theshortdashedlinethrough
thecurves.A descriptionoftheexperimentalbehaviorof eachtestbesm
follows.

Rectangular-ttiebesm.-As theone-cellbeamwasloaded,buckliag
occurredh a regubrpatternhav3ng=-wave lengthofbucklesof about
75 percentofthecoverwidth.Themomentonthebeamatwhichbuckling
occurredcorrespondedtoan Me/I stressof about6.4ksi. Afterthe
compressioncoverbuckled,thebucklesgrewh magnitudeastheloading
pro~essed.A slightshiftingofthebucklepatternwasnotedwithno
appreciablechangeh wavelengthor shape.Failureoccurredinanup
buckleandansdjacentdownbuckleatthecenterofthetestsection.
Themodulusofruptureofthebesmwas31.2ksi. Thecornersofthe
beamremainedstraight(exceptforcurvatureofthebeamduetobending)
untilfailurewhentheycr~ed slightly.

BeamA.-BesmAhadthehighestexperimentalbucklingstressand
modulusofruptureofthebesmstested.Althoughthewebwasslightly
heavierthsnthesupportsusedintheremtningbeams,beamA canbe
usedasa basisof comparisonofthestrengthsoftheremainingbeams.
Localbucklingofthecompressioncoveroccurredata coverstressof
about27.6ksi(whichcorrespondsto ~ = 4.7 basedonthecoverW
width ~) ina veryregularpatternwitha longitudinalnodeforming
overthecenterweb. As theloadingofthebeampro~essed,themagnitude
ofthebucklesh thecompressioncoverincreasedslowlyuntilfailure
occurrednearoneendofthetestsectionata modulusofruptureof
42.0ksi. Thecentersupportmaintaineda longitudinalnodeinthecover
until,atfailure,theattachmentflangeoftheanglecaptoreawayfrom
thelegattachedtothewebandallowedthecoverto failinanupbuckle
acrosstheentirebeam. Therewerenorivetfailures.

BeamB.-Thechannel-typewebusedinbesmB wasformedfromaluminum-
aUoy-sheetmaterial- a methodoffabricatingwebssomewhatsimplerthan
rivetinga sheettoweb-capmembersas inthewebofbesmA. Thecover
ofbesmB buckledlocallyatan Me/I stressof26.9ksiwitha longitu-
dinalnodeevidentalongthecenter”web.Thebucklepatternwasnotas
regularas h beamA, however,and,ata coverstressof approximately
29.Oksi,deflectionofthecoverovertheweblinewasobservedboth
visuallyandonthemoment-strainrecords.Thebuckleson eitherside
ofthewebshiftedslightlysothatupbucklestendedto joinoverthe
webandformeda seriesof skewedwavecrestswithrespecttotheaxis
ofthebeam. This“washboard”patterndevelopedgraduallyalongthe
beamandwithincreasingdistortionofthesupportline.Failureoccurred
at a modulusofruptweof35.6ksiina downtroughacrossthebeam.
Thecornerofthecenterwebcrimpedasthecoverfailed,butthecorners
oftheexteriorwebsremainedstraight.

—. .
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Eeamc.-BeemC,whichwasstiffenedby deeplongitudinalZ-section
stringers,showeda behaviordifferentfromthatof thepreviousbeamsin
that,astheloadingwasapplied,dishimgofthecoverstookplacebetween
exteriorwebs. Thedishm causeda buildupof stressatthecornersof
thebesm(evidentfromthemoment-straincurvesoffig.k). The compres-
sioncoverbehavedasa stiffenedplatewithsupportedsideedges,with
bucklingoccurringinone-halfwaveinthetestlepgth.At a loadof
approximatelytwo-thirdsoftheultimateloadonthebeam,a superimposed
localbucklingofthecompressioncovertookplacewitha nodealongthe
stringer.As theultimateloadonthespecimenwasreached,dishingof
thecrosssectiongrewinmagnitudewithanaccompanyingdropinload.
Themaximumloadonthebeamcorrespondedto a modulusofruptureof
39.2ksi.

BeamD.-InthetestofbeamD (whichhadthelargestspacingbetween
posts),localbucklingofthecompressioncoveroccurredatan Me/I stress
of21.4ksiina somewhatirregularpatt,ern.Shortlysfterinitialbuck-
ling,thebucklestendedto joinacrossthestringer;as a resultthere.
wasbendingofthestringeranda skewedbucklepattermwascreated.
Thispatternisevidentinfigure5 whichshowsthedeformationofthe
coveralongtherivetline.Thesedistortionsticreasedinmegnitude
untilfailureoccurredina downbuckleatthemidsectionofthebeam
(betweenposts). Iocalbendingofthestringerwasappreciable,andthe
attachmentflangeofthestringertoreawayfromthes“tiingerweb. A
fewblindrivetsfailedintensionintheupbuckleovertheposttothe
rightofthefailuretrough.(Seefig.6.) Themodulusofrupturewas
36.8ksi. No overallldishingofthecoverswasevident.

BeamE.-LocalbucklingofbeamE (whichhadintermediatespacing
betweenposts)occiirredatan Me/I stressof22.2ksiin a regularpat-
ternwitha longitudinalnodeformingoverthecentersupport.Figure7
showsa pictureofthebesmshortlyafterbuckling.Thestrain-gage
leadwireshavebeenremovedsothatthebucklesaremoreeasilyseen.
Priorto failureofthebeam,thebucklepatternshiftedto theformwith
transversenodesacrosstheentirecompressioncoier.Thenodescorre-
spondedapproximatelytothepostlocations,an indicationthatdeflec-
tionsofthecompressionstringersndcovertookplacemainlyinthe
regionsbetweenposts.Thesedeflectionsareevidentinfigure8. Fail-
ureoccurredat a modulmofruptureof38.1ksinearone endofthetest
sectionwhentheblindrivetsfailedintensionasanupbuckletriedto
formovera post. .

BeamF.-BucklingofbeamF (whichhadthesmallestspacingbetween
posts~~ed atan Me/I stressof23.4ksih a regul=patternwith
a longitudinalnodeform@ overthecentersupprt. Figwe 9 showsa
pictureofthebeamintherangebeyondbuckling.Theleadwiresfrom
thetie straingageshavebeenremovedfromthebeamsothatthebuckle
patternismoreeasilyseen(forthis.reasonthecompressioncurvefor

—...—-—. — — .-—
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beamF infig.4 isincomplete). Thelocationsofthepostssreindi-
catedbymarksalongthehe ofrivets.Thelongitudinalnoderemained .
alongthesupportlineuntilfailureoccurredatoneendofthetestsec-
tioninanupbuckleacrossthebean. Theblindrivetsfailedintension
and,as inthe-failureofbeamsA andD, theattachmentflangeofthe
stringertoreapsrtfromthewebofthestringer.Severedistortionsof
thestringerwereevtdentatthepostlocationsnearthepetitoffailure.
Themodulusofrupturewas41.4ksi.

BeamG.-At an Me/I stressof 23.6 ksi, the compressioncoverof
besm~ch wasstiffenedtiternallywitha Warrentruss)buckled‘
locallyina regularpatternwiththetrusssupportmaintaininga longi-
tudinalnode.As theloadingpro~essed,buckleson eithersideofthe
st.rin.gerjoinedtogetherovera panelpetitofthetruss;thiscaused
appreciabletensileforcesintheblindrivetsandconsequentlyfailure
of therivetsandthebeam. Themodulusofrupturewas38.8ksi. Strain
readingsonthediagonalmembersofthetrussindicatedverysmallloads
inthosemembersat failure.fipectionof thesupportaftertesting .
showedthattheUagonalsandstringerswereadequatelyrivetedtogether
andthetrussmenibersrelativelyundeformed.Thefailureofthebesm
mayhavebeenprematiebecauseofthetensilefailureoftheblindrivets
onthecover.

DISCUSSION

Thebucklingandfailingmomentsandstressesforeachbeamare
tabulatedintableII. Forcomparisonpurposes,thebucklingandfailing
stressesofthebeamssrealsoshownina bargraph,figure10. The
sketchaboveeachbarindicatestheconstructionofthecentersupport.
Becauseofthedifferentmodeof instabilityandfailureinbeamC,the
resultsforthisbeamarenotshownonthebargraph.Themoduliof
ruptureofthebeamssreshownby theheightofthebars,andtheexperi-
mentalbucklhgstressesforthebesmsareshownby theheightofthe
shadedportionofthebars. Thepredictedcoverbucklingstressforeach
beamisindicatedby theshortdashedlimeson eithersideofthebsr.
Theagreementbetweentheexperimentallydeterminedandpredictedbuck-
- stressesisconsideredsatisfactoryinviewoftheinitialwaviness
ofthewallsofthedrawntubes.

TheadvantageofM_@ localstiffnessof attachmentofthewebto
thecompressioncoverisillustratedby theincreasein strengthofbeamA
overbeamB. U beamA therivetlineontheattachmentflangewascloser
to thewebplanethaninbeamB which,in combtitionwiththesquare
corneron theattachmentaugle,greatlyincreasesthereflectionalstiff-
nessofthewebconstruction(seetableI).

,

..
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Theexperimentswiththepost-stringertypeof supportindicate
thatanopenstructurecanprovidea reflectionalsupportto thecovers
comparabletothatprovidedby solidwebs. Inordertomaintainconttiu-
ityof supportsintheafter-buclssnrangeof loading,thebendingstiff-
nessofthestringersbetweenpostsshouldbe substantiallygreaterthan
theminimumstiffnessrequiredto forma longitudinalnodeattheiniti-
ationofbuckling.Thisstiffnessmaybe achievedbyusingpostsata
fairlysmallspacing,as illustratedbybeamF, orby increasingthe
momentof inertiaofthestringer.TheslightincreaseinbemnbucliUng
stressbetweenbesmsD andF maybe attributedto theimprovedtorsional
stiffnessofthelongitudinalstringerwhenrestrainedby postsat a small
spacing.

TheperformanceofbeamG withtheWarrentrussindicatesthat,with
a givenlongitudinalstringer,thistypeof structureprovidesa support
tothecompressioncovercomparabletothatprovidedbyverticalpostsat
a spacingsomewhatlessthanthespacingofthepanelpointsof thetruss.

Theseverityof cross-sectionaldishingthatoccurredwithlongi-
tudinalstringersinbeamC wouldnotbe anticipatedina multicellbeam
becauseoftherestraintofferedby adjacentcells.!Thetesttidicates,
however,thetypeofdistortionthatmayoccurina longplatewitha
singlelongitudinalstr~er whenthestringeris supportedat infrequent
intervalsby eitherribsorposts.

CONCLUDmGmmucs

Theresultsof an experimentalinvestigationofthebucklingstrength
andafter-bucklingbehaviorof severaltwo-cellbeamsindicatethatopen
construction.utilizingpost-stringerortrusssupportscanperformthe
functionof a solidwebinstabilizingthecoversof a beaminbending
withno incre=einweightovera solidweb.

Thetestsindicatethatthefollowingfactorscontributetoward
improvingtheefficiencyof alternatewebsina multiwebbeam:

(1)

to cover

(2)
stringer
skins

(3)

highlocalcross-sectionalstiffnessof flangeattachingsupport
skins

provisionof adequatebendingstiffnessinthestringersofpost-
beamsinordertoresisttiter-bucklingdistortionsofthecover

torsionalrestraintalongthesupportlinetoraisethebuckling
stressto itsmmdmum.

—,- .-.—— -...—— ——. .—— —-
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Thehighestbucu andmaximumstrengthsofthe
notedfithebeamwhichhadthehighestconibinationof
reflectionalstiffnesses.

LangleyAeronautical.Laboratory,
NationalAdvisoryComitteeforAeronautics,

LangleyField,Va.,June3, 1954.
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TABLEII.- TESTDA!I!AIOREEAMS

Beam ‘1~, in.-kips Mf, iI1. -kipS acre-~ ksi

iectangubr
tube 46 225 6.39

A
I

213 I 324
I

27.6

B 203 . 269 26.9

c yn

D 165 284 21.4

E 171 294 22.2

F I 181 I 320 I 23.4

G 181 298 23.6

31.2

42.0

35.6.

39.2

36.8

38.1

41.4

38.8

7.98

26.9

26.6

26.2

25.7

25.9

25.7

25.7

.

.
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Figure2–Typical compressivestress-straincurvefor 14S-T6 aluminumalloy.

.



N4CATN3231 ‘15

.

. ..

.

k--—-------------’........................................................
.50

+

~L
.......................................................

c t

-1.9

.65+

(a) Fabricated web (0.05 [inch thick) with extruded angle caps. Beam A.
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Figure

1-
Formed channel web (0.051 inch thick). Beam B.

3.- Supporting structure along center lineoftwo-cellbeams.
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(c) Z-stringer construction. Beam C.
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~=2 post-stringerconstruction.Beam D.

Figure3.–Continued.
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(f) ~ =~ post-stringer construction. Beom F.

Figure3.-Continued.
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77824,1
Figure5.-Beori-ID shm”ng buckle pottern with skewedtromwersenodes in top cover.
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77B5.1
Figure 6.—Beam D after failure.
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NACATN 3251
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Figure7.–l3earnE shortly after buckling with longitudinal

in top cover.
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node and local buckles shawing
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77827.~

Figure 8.–Beam E prior to failure with transverse nodes and “washboard” pattern of
buckles showing in top cover.
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Figure 9.–Beam F showing longitudinalnode along center of top cover and local buckles
in .cover.
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